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Histone modiﬁcationa b s t r a c t
Sox11 and Sox4 play critical roles in retinal development, during which they display speciﬁc and
unique expression patterns. The expression of Sox11 and Sox4 is temporally sequential, albeit spa-
tially overlapping in some retinal subtypes. Gain-of-function and loss-of-function analyses sug-
gested that Notch signaling suppresses Sox4 expression in the early developing retina but not
during the later period of development. The levels of histone H3-acetylation and H3-lysine 4 tri-
methylation at the Sox11 locus declined during development, as did the levels of Sox11. A similar
but less marked change was seen for Sox4. For both genes, histone H3-lysine 27 methylation was
low during development and increased markedly in the adult.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The Sry-related box (Sox) genes encode a group of transcription
factors with a high mobility group (HMG)-type DNA binding do-
main [1]. The Sox proteins are classiﬁed into groups A–J based on
sequence homology [1]. The mammalian SoxC proteins comprise
Sox4, Sox11, and Sox12 [1], and they are widely expressed during
embryogenesis [2–4]. The functions of the SoxC genes as regulators
of cell fate, proliferation, and survival in major physiologic and
pathologic processes have been reported in many organ lineages,
including the eye. Sox11- knockout (KO) mice [5] show microph-
thalmia and anterior segment dysgenesis, in similarity to Peter’s
anomaly in humans [6]. Therefore, Sox11 plays pivotal roles in ret-
inal development, which suggests that stringent regulation of the
expression of Sox 11, and by inference that of Sox4, is important
for their correct function.
Previous studies have examined the expression patterns of SoxC
family members in various tissues [3]. Using Northern blots and
in situ hybridization, the three genes were found to be co-ex-pressed at high levels in neuronal and mesenchymal tissues in
the developing mouse, and at variable relative levels in many other
tissues, including the heart, thymus, spleen, and hair follicles [3].
However, only limited information is available regarding the
molecular mechanism underlying the regulation of expression of
SoxC family members.
We had previously identiﬁed Sox11 as a gene speciﬁcally ex-
pressed in retinal progenitor cells [7]. During the course of analys-
ing of Sox11 function, we found by semi-quantitative RT-PCR that
Sox11 and Sox4 were sequentially expressed during retinal devel-
opment [7]. One other member of SoxC, Sox12 appeared by micro-
array analysis not to be expressed in retina [7]. Therefore, in the
present study we examined the mechanisms of transcriptional reg-
ulation governing Sox11 and Sox4 expression in the developing ret-
ina of the mouse. We show that multiple mechanisms, such as
histone H3 modiﬁcation at the Sox11/Sox4 locus and Notch signal-
ing, play pivotal roles in this regulation.
2. Materials and methods
2.1. Mice, reagents, and RT-PCR
Sox11-knockout (Sox11-KO; Sox11LacZ/LacZ) embryos were ob-
tained from timed mating of Sox11LacZ/+ (Sox11-LacZ/+) mice, and
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tained from Japan SLC Co. All animal experiments were approved
by the Animal Care Committee of the Institute of Medical Science,
University of Tokyo and conducted in accordance with the ARVO
(Association for Research in Vision and Ophthalmology) statement
for the use of animals in ophthalmic and vision research. For over-
expression, an expression plasmid pCAG containing full length
mouse Sox4 or Sox11 was used. Construction of a constitutively ac-
tive mutant of mouse Notch, NICD [8], was previously described
[9]. Semi-quantitative PCR and quantitative PCR (qPCR) were done
as previously described [10]. Immunostaining was done as de-
scribed [11].
2.2. Retinal explants, and electroporation
Retinal explants were prepared as previously described [11]. In
vitro electroporation was done using a micro electroporation
chamber ﬁlled with a DNA solution (1 lg/ll in Hanks’ balanced salt
solution), and four square pulses (25 V) of 50 ms duration with
950 ms intervals were applied using an Electroporator CUY21
(Nepa gene) as described [12]. The electroporated retinas were cul-
tured at 34 C on a chamber ﬁlter (Millicell).
2.3. Puriﬁcation of cells by cell sorting
Cells were puriﬁed by using a FACS Aria (BD Biosciences) as de-
scribed [13]. Brieﬂy, neural retina was isolated, trypsin-dispersed
into single cells, and stained with antibodies [14]. Control samples
were stained with appropriate control IgG. Then sorting was per-
formed using a FACS Aria (BD Biosciences). For sorting, live cellsFig. 1. Temporal and spatial expression of Sox11 and Sox4. (A) Temporal expression pa
internal standard; values shown are relative to Sox11 at E12 or Sox4 at P1. (B) Spatial exp
galactosidase antibody of frozen retinal sections from Sox11-LacZ/+ mice. (C) Spatial ex
antibody on frozen retinal sections from normal mice. Scale bars = 100 lm. D, dorsal; V,
layer; INL, inner nuclear layer; ONL, outer nuclear layer.were gated with propidium iodide (PI) staining and forward and
side light scattering as described previously [14].
2.4. Chromatin immunoprecipitation (ChIP) assay
Mouse retinas crosslinked with 1% formaldehyde were sus-
pended in 1% SDS lysis buffer and sonicated to shear genomic chro-
matin. The lysate was diluted and incubated for 1 day with the
antibody-bound Dynabeads-Protein G (Invitrogen). Eluate was
incubated at 65 C overnight and treated with proteinase K (Wako)
at 55 C for 1 h. DNA was puriﬁed with a QIAquick PCR puriﬁcation
kit (QIAGEN). The puriﬁed DNA was subjected to real-time qPCR in
a Roche Light Cycler 1.5 apparatus. The abundance of target gen-
ome DNA was normalized relative to that of input. Control IgG
experiments gave only negligible values. Antibodies used for ChIP
assay were as follows: histone H3 (AcH3) antibody (Millipore),
anti-histone H3 tri-methyl Lys4 (H3K4me3) antibody (Active mo-
tif), anti-histone H3 tri-methyl Lys27 (H3K27me3) antibody (Milli-
pore), and rabbit control IgG (Santa Cruz).
3. DNA methylation
DNA methylation of CpG sites in the 50 genomic regions of
Sox11 and Sox4 was analyzed by bisulﬁte assay. Genomic DNA
was puriﬁed from 8 retinas at E14 or 2 retinas at P8 by a standard
protocol. Next, bisulﬁte DNA conversion was done using an EpiTect
Bisulﬁte Kit (Qiagen); fragments were ampliﬁed from converted
DNA and cloned into pGEM-T-Easy (Promega), and the cloned frag-
ments were sequenced. Sequence of primers used for cloning are
shown in Supplementary Table 2.ttern of mRNA of Sox11 and Sox4 was examined by qPCR. G3PDH was used as an
ression of Sox11. Sox11 expression was visualized by immunostaining using anti b-
pression of Sox4. Sox4 expression was shown by immunostaining using anti Sox4-
ventral, GCL; ganglion cell layer; NBL, neuroblastic layer; ONBL, outer neuroblastic
Fig. 2. Expression of Sox11 and Sox4 is not regulated by reciprocal suppression. (A)
Expression level of Sox11 and Sox4 in retina at E16 of Sox11-KOmice was examined
by qPCR. (B–E) Expression plasmid for Sox11 (B, C) or Sox4 (D, E), or for empty
vector (pCAG) as control, was transfected into retina at E16 by electroporation, and
retinas were cultured for 2 days and harvested. Then semi-quantitative PCR (B, D)
was performed to demonstrate overexpression, and qPCR was used to test for
suppression of the other gene (C, E). G3PDH was used as internal standard, and the
averages of 3 independent samples with standard deviation are shown. For (C) and
(E), the expression level found upon transfection with the control vector was set to
1. P value;  < 0.01 was calculated by Student’s t-test.
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4.1. Expression of Sox11 in early retina and is followed by expression of
Sox4
We ﬁrst examined using quantitative PCR (qPCR) the temporal
expression patterns of Sox11 and Sox4 during retinal differentia-
tion (Fig. 1A). Sox11 expression was highly expressed in the retina
at E12, but it gradually decreased and was negligible at around P5
(Fig. 1A). Sox4 expression was observed at E12, subsequently in-
creased, peaked at around P1, and decreased thereafter
(Fig. 1A). Neither Sox4 nor Sox11 was expressed in the adult retina
(Fig. 1A).
Since the expression of Sox11 and Sox4 in the developing retina
was found to be chronologically sequential, we initially suspected
reciprocal suppression of Sox11 and Sox4. Sequential expression of
Sox11 and Sox4 in sympathetic ganglia has been reported [15].
This gave rise to the idea of Sox11-dependent Sox4 regulation. In
early stage sympathetic ganglia, Sox11 inﬂuenced Sox4 expression,
but Sox4 did not inﬂuence Sox11 expression [15]. Previously, using
section in situ hybridization and immunostaining, we demon-
strated that spatial expression of Sox11 and Sox4 in the retina dur-
ing retinal development is overlapping in the ganglion cell layer at
the E14–E18 stage [7]. In the present study, we examined the spa-
tial expression of Sox11 and Sox4 in the early period of retinaldevelopment by immunostaining the retinas of Sox11-LacZ/+ mice
for b-galactosidase (Fig. 1B) and normal retinas with an anti-Sox4
antibody (Fig. 1C). Sox11 expression was widespread during the
early developmental stage (Fig. 1B, E11 and E13), while it became
restricted to the ganglion cell layer at around E15 (Fig. 1B). There-
after, Sox11 was observed in the ganglion cell layer after birth, as
we previously found (Fig. 1B). The expression of Sox4 was not
clearly visible at E11 or E13; expression ﬁrst became apparent in
the ganglion cell layer at around E15 (Fig. 1C). Thus, although the
spatial expression patterns of Sox11 and Sox4 after E15 over-
lapped, we concluded that before E14 only Sox11 is expressed in
the retina. Therefore, we examined whether Sox11 suppresses
Sox4 in retina.
4.2. Expression of Sox11 and Sox4 in retinal progenitor cells may not be
regulated by reciprocal suppression between Sox11 and Sox4
Since the analysis of the temporal expression patterns showed
that the expression level of Sox4 increased when the Sox11 level
decreased, we investigated the existence of reciprocal suppression
of Sox4 and Sox11. In the Sox11-knockout (Sox-11-KO) retina, the
Sox4 level was comparable to that of the control, suggesting that
the level of Sox11 did not affect that of Sox4 (Fig. 2A). We then
overexpressed Sox4 and Sox11 in the retina (Fig. 2B and D). Quan-
titative PCR showed that that the expression levels of Sox4 and
Sox11 were each mutually unaffected by overexpression of the
other (Fig. 2C, E).
4.3. Notch signaling participates in the regulation of Sox11 and Sox4
expression during the early period of retinal development
In our functional analysis of Sox11 and Sox4, we found that
overexpression of either Sox4 or Sox11 suppresses Müller glia dif-
ferentiation [7]. Therefore, we hypothesized that the levels of Sox4
and Sox11 should be low in the precursors of Müller glia, so as to
prevent suppression of differentiation. Previously, we showed that
precursors of Müller glia are CD44 and c-kit double-positive cells
[13]. Therefore, we evaluated by qPCR the levels of Sox11 and
Sox4 mRNA in puriﬁed CD44/c-kit double-positive cells, c-kit sin-
gle-positive retinal progenitors, and double-negative cells at E18
(Fig. 3A), and found that the expression of these genes was sup-
pressed in the Müller glia lineage. The Notch signaling pathway
is involved in Müller glia differentiation [16,17]. We therefore
asked whether Notch signaling would decrease the expression of
Sox11 and Sox4. We prepared retinal explants at different develop-
mental stages, and cultured them for 24 h in the presence or ab-
sence of the Notch inhibitor DAPT [18]. The expression levels of
Hes1 and Hes5, both of which are targets of Notch signaling, were
signiﬁcantly suppressed by DAPT treatment (Fig. 3B). The expres-
sion of Sox4 was dramatically increased by the presence of DAPT
at E14–E16, but not at E17. Sox11 expression was slightly in-
creased by DAPT at E14–E16, and was suppressed at E17 (Fig. 3B).
We then examined whether forced activation of Notch signaling
affects Sox4 and Sox11 expression using NICD [8], which is an
intracellular domain of Notch, and the expression of which mimics
Notch signaling activation. Expression of NICD in the E16 retina re-
sulted in the suppression of Sox4 and Sox11 (Fig. 3C), which con-
ﬁrms the inhibitory effects of Notch on the expression of Sox4
and Sox11.
We also examined the involvement of other signaling pathways,
BMP and Wnt signaling, both of which play important roles in ret-
inal development, using the speciﬁc inhibitors LDN193189 (Stem-
gent) and BIO GSK3 IX (Cayman). Neither inhibitor affected the
expression of Sox4 or Sox11 (data not shown), which suggests that
these signaling pathways play at most minor roles in the regula-
tion of Sox11 and Sox4 expression.
Fig. 3. Expression of Sox11 and Sox4 was regulated by Notch signaling as well as by epigenetic mechanisms. (A) Expression of Sox4 and/or Sox11 in puriﬁed retinal
subpopulation. Retinal cells at E18 were dissociated and stained with antibodies anti-CD44 and c-kit. Then, cells were puriﬁed in terms of their CD antigen expression
patterns by a cell sorter, and qPCR was performed using primers for Sox11 or Sox4. (B) Effects of Notch inhibitor DAPT for Sox4 and Sox11 expression. Retinal explants were
prepared at the indicated embryonic days, and cultured for 2 days in the presence or absence of DAPT. Then retinas were harvested and qPCR was performed. Relative values
of qPCR of Sox4 and Sox11 to values of control samples for each time point are shown. Values of Hes1 and Hes5 relative to their values of control samples for each time point
are shown in the right panel. (C) Retinas at E16 were transfected with CAG-NICD, and after 48 h of culture levels of Sox11 and Sox4 were measured by qPCR. Expression levels
of Sox11 and Sox4 relative to control vector-transfected samples are shown. (D–F) ChIP analysis using antibodies anti-acetylated histone H3 (D), anti-histone-H3K4-me3 (E),
and anti-histone H3K27-me3 (F) was performed using cell lysates of retinas at the indicated developmental stages. G. Effects of TSA on Sox4 and Sox11 expression were
assessed by qPCR. Retinal explants were prepared from different developmental stages as indicated, and cultured 48 h in the presence or absence of TSA (0.5 lM). P value;
 < 0.01,  < 0.05 was calculated by Student’s t-test. (H) DNA methylation of CpG of Sox11 and Sox4 50 region. DNA methylation was examined by the bisulﬁte method using
genomic DNA of retina at E14 and P8. Open and closed circle indicate unmethylated and methylated CpG’s, respectively.
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and Sox4 expression
Using ChIP analysis, we examined the histone modiﬁcation pat-
terns around the transcriptional start sites of the Sox 4 and Sox11
genes at different developmental stages. ChIP analyses of histone
H3 acetylation (AcH3), histone H3 lysine 4 trimethylation
(H3K4me3), and histone H3 lysine 27 trimethylation
(H3K27me3) were carried out. The level of AcH3 at the Sox11 locus
declined as retinal development proceeded (Fig. 3D), while that at
the Sox4 locus initially increased and then decreased (Fig. 3D). The
level of H3K4me3 at the Sox11 locus gradually increased and was
detected at a low level in the adult retina (Fig. 3E). The level of
H3K4me3 at the Sox4 locus showed a similar level during retinal
development (Fig. 3E). Both AcH3 and H3K4me3 are known as po-
sitive regulators of transcription [19–22]. The levels of these mod-
iﬁcations, especially AcH3, were correlated with the levels of Sox11
and Sox4 mRNA.
H3K27me3 is known as a negative regulator of transcription
[19–22]. While H3K27me3 was almost completely absent at E14
and E18 for both Sox11 and Sox4, its level increased dramatically
thereafter, and the highest level was seen in the adult retina
(Fig. 3F). This suggests that H3K27me3 participates in the suppres-
sion of expression of Sox4 and Sox11 in the adult retina.
Trichostatin A (TSA) is an inhibitor of histone deacetylase
(HDAC), which is an enzyme that removes histone H3 acetylation
[23,24]. We prepared retinal explants from various developmental
stages and cultured them for 2 days, at which point qPCR for Sox11
and Sox4 was performed. At E18, P3, P8, and P14, the levels of both
Sox4 and Sox11 were increased signiﬁcantly (Fig. 3G), which sug-
gests that AcH3 is involved in the expression of Sox11 and Sox4.
No effect of TSA was observed at the adult stage, which is in accor-
dance with the high levels of H3K27me3 observed at the Sox4 and
Sox11 loci in the adult retina.
We also examined the DNA methylation status of the Sox11 and
Sox4 within the 50-untranslated regions, and found no signiﬁcant
difference in the CpG motif-methylation status in the embryonic
and adult stages for either Sox11 or Sox4 (Fig. 3H). Correlation of
the Sox11 expression level and methylation of the CpG islands of
the Sox11 promoter region in B-cell lymphoma cell lines and pri-
mary tumors has been reported [25], suggesting tissue-speciﬁc
DNA methylation at the Sox11 locus.
5. Discussion
In the present work, we asked how the complex expression pat-
terns of Sox11 and Sox4 are regulated during retinal development.
Unlike sympathetic ganglia [15], we did not observe mutual sup-
pression or enhancement of expression for Sox11 and Sox4 in ret-
ina. In contrast, we do show the involvement of Notch signaling.
We found stage-speciﬁc enhancement of Sox4 expression when
the cells were treated with DAPT. Strong augmentation of Sox4
expression was observed at around E14–E16, which suggests that
the low expression level of Sox4 during early retinal development
may be attributed to the suppressive effects of Notch signaling.
Although the effects of DAPT on Sox11 expression were not signif-
icant at any of the examined developmental stages, overexpression
of NICD did lead to suppression of Sox11 expression (as well as that
of Sox4, as expected). For Sox11, some other mechanisms may
overcome the inhibitory effects of Notch during this period, or
endogenous levels of Notch may simply be insufﬁcient to suppress
expression. It has been reported that DAPT treatment of developing
retinas causes the inhibition of development of Müller glia [26].
Sox11 and Sox4 inhibit gliogenesis and promote neurogenesis
when overexpressed [7]. Therefore, Notch may have dual roles inc-kit-positive retinal progenitor cells: (1) promotion of the Müller
glia lineage; and (2) suppression of the expression of Sox4 (and
possibly Sox11), so as to abrogate the negative effects of the Sox
proteins.
However, the involvement of Notch cannot explain the chrono-
logic and sequential expression patterns of Sox11 and Sox4 during
retinal development. We believe that epigenetic regulation acts to
establish the expression patterns of Sox11 and Sox4. The levels of
both positive and negative histone modiﬁcations at the Sox11 and
Sox4 loci change as retinal development proceeds. AcH3 at Sox11
and H3K27me3 at Sox11 and Sox4 were correlated with chrono-
logic changes in the mRNA levels of Sox11 and Sox4. In addition,
the effects of TSA on Sox11 and Sox4 in the developing retina rein-
forced the notion that AcH3 plays a pivotal role in the regulation of
Sox11 and Sox4 expression. Recently, it has been shown that the
expression of Sox11 by oligodendrocyte progenitor cells is sensi-
tive to TSA [27]. In oligodendrocytes, HDAC has been suggested
to suppress a group of transcriptional repressors, to achieve appro-
priate development [28,29]. It is possible that a similar mechanism
is active during retinal development.
In a previous report, Sox11 and Sox4 were listed as genes that
are potentially upregulated by Math5, based on microarray analy-
ses [30]. However, the overexpression of Math5 and Ngn2 in the
E17 retina did not induce either Sox11 or Sox4 (Supplementary
Fig. 2). A binding site for the transcriptional repressor protein
REST/NRSF has been identiﬁed in many Math5-dependent genes
[30], and it restricts the expression of Sox4 and Sox11 in the chick
embryo spinal cord [31]. In our microarray analysis, the REST/NRSF
expression pattern was similar to that of Sox11, but not that of
Sox4 (Supplementary material 3).
Taken together, our results indicate that Notch and histone
modiﬁcation are major mechanisms in the regulation of Sox11
and Sox4 expression in the retina. The resulting complicated
expression patterns of Sox11 and Sox4 during retinal development
enable precise regulation of the differentiation of various retinal
subsets.
Appendix A. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.febslet.
2012.12.017.
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